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Parallel Electron Beam Micro-Column for
Nanoolithography Applications





















































































































































































the recent development of techniques for depositing thin films of diamond on a variety of 
substrate materials, we now have the ability to exploit these superlative properties in many new 
and exciting applications. In this research, I have designed and fabricated a novel multi-electron 
beam array with diamond Schottky emitter. Diamon:d Schottky emitter can provide stable 
emission current for long-term operation EBL applications. For the resolution issue, I also 
developed a selfialigned carbon nanotube field emission micro-column for high resolution EBL 
a p plications. 
Schottky emitters operate at a relatively high temperature and requires less electrical field 
than that of field emitters to achieve the same emission brightness. This low electric field 
operation will reduce the ion bombardment damage of the tip. In the case of a gated field emitter 
with a narrow gap, high electric field causes serious damage due to breakdown on the insulator. 
In order to solve this problem, we fabricated the gated Schottky emitters with large gap . The 
capability of the low electric field operation of the Schottky emitters makes such structure 
practical. In general, at a high temperature, adsorbed molecules on the emitter are desorbed, and 
the stability of the emission is improved. However, one drawback of the Schottky emitter is wider 
energy spread of emitted electrons than that of the field emitter, which slightly degrades the 
resolution of EBL. Despite this drawback, because of many superior properties Schottky emitters 
 are more attractive and considered to be more suitable for use in miniaturized multi･electron 
beam array for EBL. 
I have designed a novel multi'beam emitter array for high throughput lithography based on an 
integrated miniature diamond Schottky emitter array. The integrated emitter array consists of 
boron-doped diamond heaters with a diamond tip, Si micro gate array and Si focusing lens array. 
The diamond film is selectively deposited using electrophoresis of diamond seed particles and a 
hot filament chemical vapor deposition (HF-CVD) technique. The seeding method using 
electrophoresis of diamond particles and following hot-filament chemical vapor deposition was 
very effective to fabricated sharp diamond emitter with high reproducibility. The diamond 
Schottky emitter array consists of four layers, including 3 Si and I Pyrex glass substrates. The 
critical components of the integrated emitter array were fabricated layer by layer using 
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micromachining. The emitters, gate and lens array are electrically isolated from each other on a 
Pyrex glass substrate. The gate hole is 40 p:m in diameter and situated in front of the emitters 
with a 20 Ilm gap. The diamond emitters are heated to allow for electron beam emission with a 
low gate voltage. Coupled pairs of the electrical Si lenses are used to focus and shape the electron 
beams into small spots. 
The electron emission performance of. the diamond emitter was characterized. When flew a 
current on the boron doped diamond heater, the heater can be heated up. The emission current of 
the heated diamond emitter became higher depending on the heating voltage. When heating the 
diamond emitter by applying a voltage of 2.8 V, the emission current is higher than that of lower 
heating voltage. A maximum emission current of 490 nA has been observed at 0.36 V/lun electric 
field. The heated diamond emitter can be operated at a low electric field. It can be seen that,the 
emission current of the heating diamond emitter (Schottky emission) is higher than the one 
without heating (field emission) . This low electric field operation will reduce the ion 
bombardment damage of the tip and increase the lifetime of the emitter. Long term stabihty 
within a variation of 2 e/o/hr was obtained on the heated emitter. 
Focus characteristic of the field emission diamond emitter was investigated by observing the 
bright emission pattern of the phosphor screen (Va =1000 V, Vg =100 V). When Vf was varied 
from O V to 200 V, the phosphor spot size was strongly affected by the change of Vf and decreased 
as Vf decreased. The emission characteristic of the diamond Schottky emitter can provide a stable 
emission current than diamond field emitter which shows a promising potential for multi'electron 
beam lithography as well as for the appliance as an electron source in miniature X-ray 
ap plications. 
Due to the small diameter, high aspect ratio, unique electrical and mechanical properties, CNTS 
show a great potential for field emitters with a low turn on voltage and high current density. The 
CNT field emitters can produce high current densities of tens of mA/cm2 at a low applied eleetric 
field of only few V/um. In many applications, such as multi electron beam lithography, data 
storage utilizing of the individual CNT as a point electron source is very important because such 
point electron beam can be focused into a small spot. In this research, I fabricate an electrostatic 
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Si lens array and integrate it with an electron emitter array. The integrated micro'column 
consists of a selfaligned CNT field emitter array (FEA), and a multi'layered electrostatic Si 
focusing lens array. The multi-beam micro-colunm system can improve the throughput for next 
generation EBL because of parallel processing which makes large area EBL with high spatial 
resolution and high throughput possible. 
I successfully fabricated a 3><3 electrostatic lens integrated field emission array. The emitters, 
gate and electrostatic lens array are electrically isolated, and each source can be controlled 
individually. The critical components are fabricated and monolithically integrated on the basis of 
MEMS technology. The integrated micro'column consists of a selfaligned CNT field emitter array, 
and a multi'layered electrostatic Si focusing lens array! The selfaligned FEA consists of Si tips 
with a single stranded CNT (emitters), and Cr/W micro gate array (extractors). Si focusing lenses 
 are bonded layer by layer. In this design, the multi･beam array was developed for exposing 
random data at high speed. The advantages of this process allow for mass fabrication of the 
integrated parallel micro-column array to achieve precision and a high degree of miniaturization. 
The best condition of this simulation is Va = 1000 V, Vg = I V, and Vf = 300 V; the crossover will 
focus on the anode screen and become a small spot. 
For single-stranded CNT growth, a I nm'thick Ni layer was used as a catalyst and deposited 
onto the silicon tips, which were then heated to 600'C for a short period to diffuse Ni atoms into 
the bulk silicon. If Ni atorns diffuse into Si and completely form silicide, CNTS do not grow. 
However', due to the small Si volume at the apex of the silicon tips, the Ni at the tip remains, 
forming a single nano'particle that produces a single stranded CNT during PE-CVD growth. 
Acetylene (C2H2) and hydrogen (H2) gases with the partial pressures 10 Pa, 100 Pa, respectively, 
were used as reactive gases. When the gases were stabilized at a pressure of 100 Pa, and 600V 
was applied to excite a plasma between the electrodes and sample stage. The growth temperature 
was varied from 600-750 'C, and the growth time was *9 min. A selfaligned field emitter array 
with a single stranded CNT has been fabricated using a novel CNT growth process using a Ni 
film sputtered onto Si tips. 
Field emission measurement indicates that field emission was observed at applied potentials at 
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as low as 6 V which could make this device useful in low power arrayed applications. When I fixed 
the tip-anode voltage at 500V, and the tip'gate voltage swept from OV to 100 V, an anode current 
of 110 nA was measured, though some current fluetuation is observed near an applied gate 
voltage of 100 V. The leak current of the gate electrode was raised up to 10 nA when applying 100 
V tip~gate voltage. The gate leakage current was due to the poor symmetry of the gate aperture. 
Fowler-Nordheim I-V plots from the anode field emission cul~res are indicating that this emission 
is due to field emission. It is seen that CNT/Si emitter showed low threshold voltage ; however, the 
emission current fluctuation was high at high gate voltage operation. 
A massively parallel electron beam array which can perform high writing speed and increase 
throughput is considered one of most possible future technologies in next generation 
nanolithography. This application requires the design and construction of robust multi-beam 
micro'column that electrons can be emitted from a reliable electron e:nitter array and focused by 
a micro lens array structure and integrated on a monolithic substrate. In this research, I 
developed the massive parallel electron beam micro-column with MEMS-based microfabrication 
and micromaching technology to achieve precisions and a high degree of miniaturization. This 
novel approach allows for the production 'of small, geometrically well-defined multi-beam 
micro-columns that are reliable and mechanically robust, and are compatible with LSI processes. 
It is expected that the cost of the whole lithography system can be significantly reduced with 
these technologies. 
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 論文審査結果の要旨
 複数の電子ビームを利用した電子線リソグラフィー装置ができると、高価なマスクを用いなくても
 高い生産性でICなどが作製でき、低コスト化によりこれまで困難であった少量生産のデバイスの実
 月化が可能になる。このため、電子源および電子レンズなどを集積化したリソグラフィー装置が必要
 とされている。本論文は、マイク惚マシニング技術を用いた並列マイク惚電子源に関する研究をまと
 めたもので、全編7章よりなる。
 第1章は序論であり、本研究の背景および目的を述べている。
 第2章では各種電子源および並列電子源を実現するために必要な要素技術について論じ、リソグラ
 フィーのためのシステム化について有用な知見を得ている。
 第3章では、ショットキー型マルチ電子源を作製するのに必要なボロンを拡散したダイヤモンドの
 ホットワイヤー化学気相成長について述べている。電着によってシ」ド層を選択的に堆積し、ダイヤ
 モンドのマイクロ構造を作製することに成功している。これは、ダイヤモンドのマイクロ構造を作製
 するのに重要な技術である。
 第4章では、ショットキーエミッターの並列電子源の作製および評価について述べている己エミッ
 ターを加熱するヒーターや引き出し電極、電子レンズのアレイを集積化するこ.とに成功している。エ
 ミンターを加熱すると低電界でも安定に電子が放出できることを示している。これは、マイクロショ
 ットキーエミッターが電子源に使えることを示した重要な成果である。
 第5章では、カーボンナノチューブの電界放出型エミッターを集積化するためのカーボンナノチュ
 ー ブの成長法について述べている。プラズマ支援化学気相合成により、シリコンの突起先端にカーボ
 ンナノチューブを1本だけ成長することに成功している。これは、カーボンナノチューブを馬いた電
 子源を集積化するのに重要な成果である。
 第6章では、カーボンナノチューブを集積化した並列電子源について述べている。セルフアライメ
 ントプロセスで、エミッターとゲートを作製し、カーボンナノチューブ1本を選択成長により成長さ
 せ、レンズ構造を集積化することに成功している。この成果は、高分解能のリソグラフィーを実現す
 るために重要な成果である。
 第7章は結論である。
 以上要するに本論文は、マイクロ電子源としてダイヤモンドのショットキー型電源源およびカーボ
 ンナノチューブの電界放出型電子源を集積化することに成功し、高速リソグラフィー装置を実現する
 ために有用な技術である。この成果は、ナノメカニクスおよび真空エレクトロニクス工学の発展に寄
 与するところが少なくない。
 よって、本論文は博士(工学)の学位論文として合格と認める。
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